Bacteriophytochrome photoreceptors (BphP) are knotted proteins that have been developed as near-infrared fluorescent protein (iRFP) reporters of gene expression. To explore how rearrangements in the peptides that interlace into the knot within the BphP photosensory core affect folding, we subjected iRFP to random circular permutation using an improved transposase mutagenesis strategy and screened for variants that fluoresce. We identified twenty seven circularly permuted iRFP that display biliverdin-dependent fluorescence in Escherichia coli. The variants with the brightest whole cell fluorescence initiated translation at residues near the domain linker and knot tails, although fluorescent variants were discovered that initiated translation within the PAS and GAF domains. Circularly permuted iRFP retained sufficient cofactor affinity to fluoresce in tissue culture without the addition of biliverdin, and one variant displayed enhanced fluorescence when expressed in bacteria and tissue culture. This variant displayed a similar quantum yield as iRFP, but exhibited increased resistance to chemical denaturation, suggesting that the observed signal increase arose from more efficient protein maturation. These results show how the contact order of a knotted BphP can be altered without disrupting chromophore binding and fluorescence, an important step towards the creation of near-infrared biosensors with expanded chemical-sensing functions for in vivo imaging.
INTRODUCTION
The first description of a knotted protein was controversial because of the entropic penalty that is associated with interlacing a polypeptide chain. 1, 2 Since that time, approximately one thousand knotted structures have been deposited in the protein data bank, 3 representing approximately 1% of the total structures deposited, suggesting that this structural feature is present in diverse macromolecules that support cellular reactions. A recent experimental study provided evidence that small knotted proteins (≤160 residues) spontaneously fold within the context of a cell free translation system without forming misfolded species, 4 although knot formation in these proteins was found to occur post-translationally and was rate limiting for folding. At times, knots may also provide extra mechanical stability to proteins. 5 However, the lower free energy relative to the unfolding transition is thought to come at the expense of folding rates, since the introduction of a knot into a polypeptide decreased the folding rate by over an order of magnitude. 6 While this protein design study demonstrated that knotted proteins can arise from an unknotted topology by changing protein contact order (CO), our understanding of knotted protein tolerance to other sequence changes that alter CO remains limited.
In nature, changes in CO arise as genes experience duplication, fusion, and fission. 7 Support for this idea has come from the discovery of circularly permuted proteins that share the same topology but differ in the location of their NH 2 and COOH termini. 8 Circular permutation has also been used in the lab for protein design, 9 where it has yielded proteins with improved activity, 10, 11 altered ligand binding, 12 and enhanced stability. 13 Additionally, circularly permuted variants of natural proteins have been leveraged to construct biosensors and molecular switches through domain insertion, 14, 15 as well as artificial zymogens. 16, 17 An artificial zymogen has been successfully designed using a knotted protein. This zymogen was built by connecting the termini of a knotted fluorescent protein using a small proteasecleavable linker that inhibits folding and cofactor-binding that are both required for maturation into a protein that displays fluoescence. 17 When exposed to a caspase that cleaves the linker, the resulting protein fragments matured into a fluorescent protein, consistent with that observed in fragmentation studies. 18 While this study showed how to inactivate a knotted protein using circular permutation, 17 there have been no systematic studies examining the structural tolerance of a knotted protein to random circular permutation.
Bacteriophytochrome photoreceptors containing a knot are well suited for studies of permutation tolerance because structural conservation can be easily measured in mutants by analyzing fluorescence. BphP use light-dependent conformational changes in their knotted photosensory core to alter the activity of their signaling domains. 19 Structural studies have shown that this photosensory core is made up of a pair of domains, the Per/ARNT/Sim (PAS) and cGMP phosphodiesterase/adenylylcyclase/FhlA (GAF) domains (Figure 1a) , which interlace into the knot and bind linear tetrapyrrole cofactors such as biliverdin. 20, 21 When this cofactor experiences photochemical isomerization, it interconverts the PAS-GAF photosensory core between two different conformational states that differ in their activation of adjacent signaling domains. 22 Because the PAS-GAF core interacts with far red light that is well suited for deep tissue imaging, photosensory cores have been mutated and screened to create variants with enhanced near-infrared fluorescence, such as IFP and iRFP. [23] [24] [25] However, these and other BphP have not been subjected to random circular permutation, and it remains unclear which of the possible circularly permuted BphP are best suited for constructing near-infrared biosensors or light-dependent switches using domain insertion.
EXPERIMENTAL PROCEDURES Permuteposon design
Permuteposon P4 was built by mutating a previously described permuteposon to introduce a RBS into the R2R1 transposase recognition sequence. 26 In addition, a tac promoter containing a lacI operator was inserted after the kanamycin-resistance cassette (Kan R ) but before the R2R1 sequence. In contrast to the previously described permuteposon, which constitutively expresses permuted proteins with an 18 amino acid peptide scar at their NH 2 -terminus, 26 P4 allows for inducible expression of permuted proteins and only adds a two amino acid scar to protein termini.
Library construction
DNA encoding the iRFP gene was PCR amplified from pBAD/His-B-iRFP 24 using primers that introduce NotI restriction sites and 37 base pairs between the first and last codon of iRFP and the adjacent NotI site. These extra base pairs and the NotI restriction sites will ultimately encode a peptide linker having fifteen residues (GGSGGSAAAGGSGGS) that links the original NH 2 and COOH-termini of iRFP in each permuted variant. This long linker was used in our design because the iRFP residues that become connected through permutation are separated by ~35Å. 20 The product of this reaction was digested with NotI, size selected using agarose gel electrophoresis, purified using Zymoclean Gel DNA Recovery Kit (Zymo Research), and circularized by incubating with T4 DNA ligase for 16 hours at 16°C. The P4 permutepsoon (100 ng) was inserted into the circularized iRFP (60 ng) by incubating these DNA in a 20 µL reaction containing 1 µL (0.22 µg/µL) of HyperMu MuA transposase (ThermoFisher Scientific) and buffer for 16 hours at 37°C. After terminating the reaction at 70°C for 10 min, DNA was purified using DNA Clean & Concentrator (Zymo Research), electroporated into MegaX DH10B electrocompetent E. coli (Invitrogen), and grown on Luria Broth (LB)-agar plates containing 25 µg/mL kanamycin at 37°C. Lawns of cells (>50,000 cfu) were obtained after overnight growth, cells were harvested by scraping, and total plasmid DNA was purified using a Qiagen DNA Miniprep kit. The ensemble of DNA was linearized using NotI, and iRFP-transposon hybrids (2.9 kb) were separated from larger DNA, which are thought to represent iRFP containing multiple inserted permuteposons. The iRFP-transposon hybrids were circularized by ligation for 16 hours at 16°C to create the final library. Screening E. coli XL1 Blue transformed with the final library were grown on LB-agar plates containing 50 µg/mL kanamycin at 37°C. Single colonies from these plates were used to inoculate 200 µL cultures in 96-well deep well plates containing 25 µg/mL kanamycin. Deep well plates were grown at 37°C while shaking at 250 rpm. After 18 hours of growth, stationary phase cultures were diluted by adding 600 µL LB containing 25 µg/mL kanamycin. After growing for 1 hour at 37°C, 200 µL LB containing isopropyl β-D-1-thiogalactopyranoside (IPTG) and BV (Frontier Scientific) were added to final concentrations of 0.5 mM and 80 µM, respectively. Deep well plates were grown for additional 4 hours in the dark at either 23 or 37°C. A fraction (200 µL) of each culture was transferred to clear polystyrene 96-well V-bottom plates (Rainin), cells were pelleted by centrifuging at 3,000×g for 5 minutes, supernatant containing excess BV was removed, and whole cell absorbance (600 nm) and fluorescence (λ ex = 690 nm; λ em = 700-725 nm) was measured using a Tecan M1000 plate reader. Measurements were performed using 5 nm bandwidths in top mode with 1 nm step size. For each variant, the emission intensities measured from 705 to 720 nm were averaged, and this average value was normalized to absorbance in each well to obtain the relative near-infrared fluorescence signals of each variant. As negative controls, each plate contained four cultures of cells transformed with a vector lacking the iRFP gene. Cultures that yielded absorbance-normalized fluorescence signals that were ≥5σ higher than the signal obtained from cells lacking the iRFP gene were sequenced (n = 81) and given names that correspond to the iRFP residue encoded by the first codon in the permuted open reading frame.
Vector construction
All of the permuted iRFP were PCR amplified and cloned into pBAD/His-B (Invitrogen) vector using standard cloning to create plasmids that use the araBAD promoter to express each permuted iRFP with a NH 2 -terminal (His) 6 tag. The (His) 6 tag was fused to each variant through a 27 residue polypeptide having the sequence GMASMTGGQQMGRDLYDDDDKDPSSRS. To create mammalian vectors that express permuted iRFP, select variants were PCR amplified using primers that introduce BglII and SalI restriction sites and an HA tag to C-terminus. PCR amplified variants were cloned into pEGFP-C1 vector (Clontech) using standard cloning. All vectors were sequence verified.
Whole cell fluorescence measurements
Circularly permuted iRFP yielding significant fluorescence over background were transformed into E. coli XL1 Blue using heat shock, and grown on LB-agar plates containing 50 µg/mL kanamycin at 37°C. After overnight growth, three or more colonies derived from each vector were used to inoculate 3 mL LB cultures in 15 mL Falcon tubes containing 50 µg/mL kanamycin. After 16 hour growth at 37°C and 250 rpm, 1 mL of cells were harvested by centrifugation, resuspended in 1 mL LB medium, and used to inoculate a fresh 4 mL LB culture containing 0.5 mM IPTG, 80 µM BV, and 50 µg/mL kanamycin. Cells were grown for 5 hours at the indicated temperatures while shaking at 250 rpm in the dark, washed with 25% glycerol (1 mL), and resuspended in 25% glycerol (1 mL) to a similar density. Aliquots (200 µL) of each resuspended sample were transferred to four wells in transparent flat-bottom 96-well plates (Corning), and whole cell absorbance (600 nm) and fluorescence (λ ex = 690 nm, λ em = 700-800 nm) was acquired using a Tecan M1000 plate reader. Emission data was normalized to absorbance in each well, and data reported represent the average of measurements performed on samples derived from three or more colonies. A vector that expresses full-length iRFP (pBAD/His-B-iRFP) and circularized P4 lacking the iRFP gene were used as positive and negative controls, respectively.
BV dependence
Arabinose-inducible vectors encoding circular permuted iRFP were transformed into E. coli XL1 Blue, and individual colonies were used to inoculate LB cultures containing 100 µg/mL ampicillin. After 16 hour incubation at 37°C and 250 rpm, cells (2 mL) were harvested by centrifugation and used to inoculate fresh 8 mL LB cultures containing 1 mM arabinose, 100 µg/mL ampicillin, and varying final concentrations of BV (0, 5, 10, 20, 40, and 80 µM). Aliquots of these cultures (1 mL) were added into 96-well deep well plates and incubated for 5 hours at 37°C while shaking at 250 rpm in the dark. Fractions (200 µL) of each culture were transferred to three wells within clear polystyrene 96-well v bottom plates (Rainin), cells were pelleted by centrifuging plates at 3,000 × g for 5 minutes, supernatant containing excess BV was removed, and whole cell absorbance (600 nm) and fluorescence (λ ex = 690 nm; λ em = 700-800 nm) was measured using a Tecan M1000 plate reader. Control experiments analyzing the signal from cells expressing iRFP with varying levels of BV yielded a lower coefficient of variance when fluorescence was measured in cells pelleted in V-bottom plates compared with cells resuspended in liquid medium.
Translation initiation calculations
The effect of circular permutation on protein expression from the P4 permuteposon was analyzed using a thermodynamic model for translation initiation. 27 The rate of translation initiation at the start codon within P4 was calculated by using sequence that encompasses 47 base pairs before the intended start codon and 96 base pairs following that codon.
Western immunoblots
E. coli XL1 Blue transformed with pBAD-derived vectors were grown as described for whole cell fluorescence measurements, with the exception that growth medium contained 100 µg/mL ampicillin and 1 mM arabinose. After resuspending cultures to identical optical densities, cells from each culture (10 µL) were analyzed using sodium dodecyl sulfate (SDS)-PAGE under reducing conditions using NuPAGE 12% Bis-Tris Gels (Life Technologies) and MOPS running buffer. Total protein was transferred to a Protran nitrocellulose membrane (Whatman) using a TE 22 Mini Tank Transfer Unit (GE Healthcare) at 200 mA for 45 minutes. Membranes were washed with 20 mL TBST buffer (100 mM Tris pH 7.5, 150 mM NaCl, and 0.1% Tween 20) for 5 minutes, and blocked for 1 hour with 30 mL 10% dry milk in TBST. Membranes were incubated for 1 hour with a Histag polyclonal antibody (Qiagen) diluted 1:1000 in 20 mL TBST, incubated for 1 hour in 20 mL TBST containing a secondary goat anti-rabbit IgG conjugated to peroxidase conjugate (Calbiochem) at a dilution of 1:1000. A visual signal was generated using the ECL western blotting substrate (GE Healthcare) and imaged using autoradiographic film (BioExcell).
HeLa cells transiently transfected with different plasmids were collected by trypsinization and lysed in Complete lysis-M buffer containing a protease inhibitor cocktail (Roche Applied Science) for 8 minutes with intermittent vortexing. Lysed cells were then centrifuged for 5 min at 15,000 rpm at 4°C, and the supernatant was collected. Protein concentrations were determined by Bradford assay. Total protein (5 µg) from each sample was separated by 12% SDS-PAGE and transferred to PVDF membrane (Bio-Rad). Membranes were blocked using 5% dry milk in TBST overnight at 4°C. Primary antibody incubations were performed for 3 hours at 23°C using rabbit anti-HA (Santa Cruz Biotechnology, 1:8,000), chicken anti-GFP (AnaSpec; 1:8,000), and mouse anti-α-Tubulin (Sigma Aldrich, 1:10,000) diluted in 1% milk in TBST. Secondary antibody incubations were conducted for 1 hour at room-temperature using horseradish peroxidase-conjugated goat anti-rabbit, goat anti-chicken and goat anti-mouse (Santa Cruz Biotechnology; 1:12,000). Chemiluminescent visualization was done using Luminata Forte Western HRP substrate (Millipore) on an LAS4000 imager (GE Healthcare). Quantification of all protein bands was performed using ImageJ.
Protein purification
E. coli JW2509-2 transformed with a plasmid that constitutively expresses Synechocystis PCC 6803 hemeoxygenase (pSR34-Bvd) and arabinose-inducible vectors expressing different iRFP variants were grown on LB-agar plates containing 100 µg/mL streptomycin and 100 µg/mL ampicillin at 37°C. Single colonies were used to inoculate fresh LB cultures (50 mL) containing 100 µg/mL streptomycin and 100 µg/mL ampicillin. After overnight growth, 1 mL culture was used to inoculate fresh 50 ml LB containing 100 µg/mL streptomycin and 100 µg/mL ampicillin. After 3.5 hours of growth at 37°C while shaking at 250 rpm, cells (10 mL) were harvested by centrifugation and used to inoculate 1 L LB containing the same antibiotics. When these cultures reached an OD ~0.5, arabinose was added to a final concentration of 1 mM to induce protein production. Cells were grown for 19 hours at 37°C while shaking at 250 rpm in dark. Cells harvested by centrifugation (4,000×g for 10 minutes at 4°C) were resuspended in lysis buffer (50 mM phosphate buffer pH 7.0, 300 mM NaCl, 10 mM Imidazole, 1 mM MgCl 2 , 0.5 mg/mL lysozyme, and 0.04 mg/mL DNAse I) and frozen at −80°C. Cells were thawed, centrifuged at 45,000×g for 1 hour at 4°C, the soluble fraction was loaded onto a Ni-NTA column (Qiagen), and washed with NTA wash buffer (50 mM phosphate buffer pH 7.0, 300 mM NaCl, and 10 mM Imidazole). Permuted iRFP were eluted using NTA elution buffer (50 mM phosphate buffer pH 7.0, 300 mM NaCl, and 250 mM Imidazole). Fractions were analyzed using SDS-PAGE, and those containing permuted iRFP were pooled. Ammonium sulfate was added to a final concentration of 40%, protein was loaded onto a HiTrap Phenyl HP (GE Healthcare) that had been equilibrated in a similar buffer using an AKTA protein purification system (GE Healthcare), and permuted iRFP were eluted using a linear ammonium sulfate gradient from 40 to 0% in 20 mM Tris buffer. Protein appearing homogeneous by SDS-PAGE was pooled, dialyzed against phosphate buffered saline (PBS) pH 7.5 (137 mM NaCl, 2.7 mM KCl, 4.3mM Na 2 HPO 4 , and 1.47 mM KH 2 PO 4 ), and stored at −80°C. All purification steps were performed under green or no light conditions.
Gel filtration chromatography
A Superdex 200 10/300 GL (GE Healthcare) run using PBS and a flow rate of 0.5 ml/min at 4°C was used to assess the size of each permuted iRFP. A standard curve generated using the elution volumes of five standards (β-amylase, alcohol dehydrogenase, bovine serum albumin, carbonic anhydrase, and cytochrome C) was used to estimate the weight of each protein.
Native gel electrophoresis
Purified proteins (5 µg) were loaded on native gel and run using a non-denaturing running buffer (25 mM Tris, 192 mM glycine) with 30 mA for 45 minutes. The native gel was composed of a separating gel (10% acrylamide pH 8.8) and a stacking gel (3.9% acrylamide pH 6.8).
Quantum yield determination
Spectral measurements used purified iRFP variants diluted in PBS to a maximum absorbance <0.1 and Nile blue dye in ethanol with an absorbance of 0.1. For each sample, absorbance spectra (205 to 750 nm) were collected using a Cary 50 UV-visible spectrophotometer. Fluorescence emission (669 to 800 nm) arising from excitation at 659 nm was acquired using a Tecan M1000 plate reader. The quantum yield was calculated using the equation [ 
, where ϕ F is fluorescence quantum yield of the standard (s) and unknown (x), A is absorbance at the excitation wavelength for each sample, F is area of the emission spectrum for each sample, and n is refractive index of the solvents. 28 Extinction coefficients were determined by calculating the ratio of absorbance at 694 nm to 391 nm and multiplying this value with 39,900, which represents the extinction coefficient of the free BV. 22 
Equilibrium unfolding
A 6 M stock of GdnHCl was mixed with PBS to make solutions containing a range of GdnHCl concentrations (0, 0.5, 1, 1.5, 2, 2.25, 2.5, 2.75, 3, 3.25, 3.5, 4 and 4.5 M). Aliquots of each protein were mixed with 325 µL of each GndHCl solution, incubated at room temperature for 2 hours in dark, and transferred into transparent flat-bottom 96-well plate (Corning) where fluorescence (λ ex = 690 nm and λ em = 700 to 800 nm) was measured. The fluorescence signal at 715 nm was used for comparison.
Mammalian tissue culture and flow cytometry
HeLa cells (American Type Culture Collection) were cultured in DMEM (Dulbecco modified eagle medium), Lonza, supplemented with 10% fetal bovine serum (Sigma) and 1% penicillin-streptomycin-glutamine (Hyclone) and maintained at 37 °C and 5% CO 2 . Cells were plated in 12-well plates at 8×10 4 cells per well. 24 hours after seeding, cells were transiently transfected using JetPrime (Polyplus transfection) according to the manufacturer's protocol with 0.5 ug of plasmid expressing the iRFP variant along with 0.05 ug of pcDNA4-GFP plasmid as transfection control per well. The culture media of transfected cells was replaced with fresh media 16 hours post transfection. Cells were harvested for analysis at 48 hours post transfection by trypsinization (TrypLE, GIBCO Invitrogen). Cells were analyzed with a FACSCanto II flow cytometer (BD, San Jose, CA) to measure fluorescence intensity of iRFP variants in the APC-Cy7 (Allophycocyanin conjugated with cyanine dye) channel (633 nm laser, 780/60 nm emission filter). At least 10,000 cells were recorded in each sample for analysis. For transient transfection experiments, the APC-Cy7 signal changes were monitored within GFP-positive cells (488 nm laser, 530/30 emission filter) to monitor changes within transfected cells. The reported output signal was calculated by normalizing APC-Cy7 intensity by GFP intensity in order to eliminate differences arising from transfection efficiencies.
RESULTS

Mapping knotted protein tolerance to permutation
As a model system for studying BphP tolerance to random circular permutation, we chose iRFP, 24 a mutant of the photosensory core from Rhodopseudomonas palustris BphP2 whose native structure displays enhanced near-infrared fluorescence upon biliverdin (BV) binding. iRFP was targeted because it displays enhanced stability and fluorescence compared with the other bacteriophytochromes. 24 We hypothesized that these properties would maximize: (i) the reliable detection of folded variants and (ii) the fraction of variants that retain an iRFP-like structure upon permutation. Previous studies have shown that stability increases the fraction of folded variants in libraries encoding proteins subjected to random mutation and fission. 29, 30 A modified PERMUTE protocol was used to construct a library of vectors that express circularly permuted iRFP. 26 With PERMUTE, an artificial transposon containing all of the attributes of a vector (called a permuteposon) is randomly inserted into a second vector harboring the gene of interest, and a multistep procedure is used to convert the product of this reaction into a library. To allow for regulated protein expression in PERMUTE libraries, we synthesized a new transposon, permuteposon P4 ( Figure S1a) , and we randomly inserted P4 into a circular iRFP gene (Figure 1b) . Restriction digestion of the library yielded a DNA pattern consistent with random insertion ( Figure S1b ).
Our vector library was transformed into Escherichia coli, and individual colonies were screened at either 23 or 37°C for near-infrared fluorescence. Two temperatures were used for screening to increase the likelihood of identifying marginally-stable variants. Screening a total of 1760 colonies identified 38 circularly permuted iRFP (cp-iRFP) with emission >5σ over that observed with the parental strain transformed with a vector lacking an iRFP gene. Assuming that each cp-iRFP had an equal probability of occurring in our library, this level of screening was predicted to sample 58% of the possible cp-iRFP. 31 Sequencing vectors from these colonies revealed 27 unique in frame cp-iRFP that retained near-infrared fluorescence with signals ≥5σ of cells lacking an iRFP (Table S1 ). To visualize how the structures of these permuted proteins relate to one another, the first iRFP residue that is translated in each cp-iRFP was mapped onto the structure of the Deinococcus radiodurans BphP photosensory core (Figure 1c) , 20 a BphP that displays 39% identity with iRFP. 24 This analysis revealed the highest density of variants arising from backbone fission proximal to the domain linker and near the termini of the protein. To determine how this tolerance relates to iRFP folding, we also evaluated the contact order of fluorescent cp-iRFP. Previous studies have shown that CO is inversely correlated with protein folding rates, 32 suggesting that increases in CO may add an additional burden to achieving a knotted protein topology. Fluorescent variants had CO values that are both higher and lower than native iRFP. However, the highest density of permuted variants had new termini that clustered in a region with CO values that are lower than iRFP.
Comparison of circularly permuted iRFP in bacteria
Distinct sets of cp-iRFP were discovered at the different temperatures where screening was performed (23 and 37°C). This finding suggested that some cp-iRFP displayed temperaturedependent fluorescence. To test this hypothesis, we compared the emission and excitation spectra of each cp-iRFP with those of native iRFP. Initial spectroscopic measurements at 23°C revealed that all of the cp-iRFP displayed similar peak excitation and emission as native iRFP, albeit with a range of peak intensities (Table S1 ). At 23°C, five cp-iRFP yielded whole cell emission that were greater than that observed with iRFP, three cp-iRFP yielded intensities that were comparable to that of iRFP, and the remaining cp-iRFP showed emission significantly lower than that of iRFP (Figure 2a) . When measurements were performed at 37°C, the majority of the cp-iRFP displayed a signal that was lower than iRFP; only three variants yielded a signal that matched or exceeded iRFP.
The iRFP fluorescence signal increased ~2.5-fold as temperature was increased from 23 to 37°C (Figure 2b ). To determine whether any of our cp-iRFP display enhanced signals as temperature increases, we calculated the ratio of fluorescence emission for each variant expressed in cells grown at these different temperatures. This analysis revealed that 52% of the cp-iRFP displayed higher emission intensity at 37°C compared with 23°C like iRFP (ratio >1), 37% had similar fluorescence ratios as iRFP (ratio ≥ 2.5), and 11% displayed decreased emission as temperature was increased (ratio <1). Among the cp-iRFP with ratios ≤1, 80% were identified when screening was performed at 23°C.
The variability in fluorescence intensity across our different cp-iRFP could have arisen because permutation differentially affected protein expression, folding, cofactor binding, stability, degradation, or quantum yield. In a previous study, we found that backbone fission increases the concentration of BV required for fluorescence in IFP, a homolog of iRFP. 18 Because permutation involves backbone fission, this finding suggested that permutation could have altered permuted protein fluorescence by decreasing BV affinity to levels that decreased the fraction of cofactor bound under the conditions of the measurements. To test this hypothesis, we evaluated whether near-infrared fluorescence varied with the amount of BV added to the cells that express each cp-iRFP ( Figure S2 ). Under the conditions of the fluorescence measurements conducted in this study, a majority of the unmodified iRFP was expected to have BV bound, since the BV concentration required for half-maximal fluorescence in cells expressing the unmodified iRFP (11 µM) was ~7-fold lower than the concentration used in our screening protocol. A majority of our cp-iRFP (85%) required a similar (or lower) amount of BV for half-maximal fluorescence, 4 to 15 µM. The remaining variants, which arose from backbone fission in the GAF domain, required between 18 and 25 µM BV for half-maximal fluorescence. These values are lower than the concentration (80 µM) used in our whole cell analysis of fluorescence that yielded signal differences. These findings suggest that the large variability in whole cell fluorescence among our variants, which varied by as much as 98-fold, was not due to differences in the BV-binding affinity and attachment.
To determine if the cp-iRFP arising from backbone fission within the N-terminal tail (e.g., cp-iRFP-11 and cp-iRFP-12) require the residues from this tail for maturation into a fluorescent protein, we created a truncated iRFP that encodes residues 12-316 but lacks residues 1-11. This truncated iRFP displayed similar fluorescence as cp-iRFP-12 (data not shown), suggesting that the initial residues in iRFP are not required for chromophore binding or stability.
Translation initiation variability
Previous studies have shown that the genetic context of a ribosomal binding site (RBS) can alter the strength of translation initiation in bacteria by more than an order of magnitude, 27 and vectors in our library express cp-iRFP with gene sequences that change the context of the RBS in our permuteposon. To examine whether permuted gene sequences influence protein expression from this RBS, we used a thermodynamic model for translation initiation to estimate how the strength of our RBS site varies in vectors expressing different cp-iRFP. 27 This model uses the sequence and the genetic context of an RBS to quantify the strength of the mRNA-ribosome interaction that is required for translation initiation and competing offpathway RNA folding reactions that inhibit formation of a productive mRNA-ribosome complex. Experimental validation of this model through forward engineering of RBS sites revealed that the predictions are accurate within a factor of 2.3-fold over a range of translation initiative values spanning five orders of magnitude. 27 We found that the calculated translation initiation rates for all possible cp-iRFP varied by three orders of magnitude when expressed using the RBS in permuteposon P4 (Figure 3a) . To test whether the fluorescent signals obtained with our original clones correlate with translation initiation rates, we compared the calculated rates for each variant to the whole cell fluorescence signals (Figure 3b ). This analysis revealed significant correlations between calculated translation rates and fluorescence intensity. These findings suggest that translation initiation variability contributed to the dispersion in signals in whole cell measurements.
To minimize differences in protein synthesis that arose from changes in RBS genetic context, we created vectors that expressed each of our cp-iRFP with a NH 2 -terminal His tag connected through a 27 residue polypeptide. When expressed from these vectors, cp-iRFP with NH 2 and COOH-termini proximal to the domain linker in unmodified iRFP displayed the highest whole cell fluorescence ( Figure S3 ). The fluorescence of each variant was also compared in the presence and absence of the affinity tag. A majority of the cp-iRFP (85%) displayed an increased signal in the presence of the His tag, indicating that this expression strategy yielded higher levels of each fluorescent BV-bound variant, consistent with predictions from thermodynamic calculations. To better understand the signal variability observed when proteins are expressed under conditions that yield more consistent calculated translation initiation rates, we analyzed the levels of a series of selected cp-iRFP ( Figure  S4 ). Specifically, we focused on the subset of cp-iRFP that displayed enhanced fluorescence at 37°C compared with 23°C. Immunoblot analysis revealed that the levels of these cp-iRFP varied up to 10-fold from iRFP (Figure 4a ). When whole cell fluorescence was normalized to protein expression in matched samples, a majority of the cp-iRFP displayed a signal that was similar to that measured using cells expressing native iRFP, with the exception of cpiRFP-198, which displayed a signal 25-fold lower than iRFP, and cp-iRFP-12 and cpiRFP-102, which exhibited average signals that were 1.9-and 4.4-fold higher than iRFP, respectively. While the signal from cp-iRFP-12 was significantly higher than iRFP, the signal from cp-iRFP-102 displayed a large error and was not significantly different from iRFP.
In vitro analysis of circularly permuted iRFP
The variation in protein-normalized fluorescence signals suggested that permutation affected the fraction of cp-iRFP that accumulated in a fluorescence-competent conformation and/or quantum yield. To directly evaluate the effects of permutation on spectroscopic properties, we expressed, purified, and characterized four cp-iRFP. Two circularly permuted iRFP were purified that displayed improved signals (cp-iRFP-12 and cp-iRFP-102), and two were purified that exhibited iRFP-like signals (cp-iRFP-129 and cp-iRFP-133). Proteins were purified using a combination of affinity and reverse phase chromatography. During purification, we found that the reverse phase column yielded two protein populations, one that eluted as a monodisperse peak at ~5% (NH 4 ) 2 SO 4 and one that eluted when the column was washed with buffer lacking (NH 4 ) 2 SO 4 . In the case of iRFP, <50% of the total recombinant iRFP eluted at 5% ammonium sulfate, while the remaining iRFP eluted in the absence of ammonium sulfate. All of our biochemical characterization was performed using the protein from the former peak, since it contained holophytochrome as previous observed. 25 All of the cp-iRFP had three absorbance peaks with maxima at similar wavelengths (280, 391, and 693 nm) to those observed with iRFP ( Figure S5) . 24 In addition, all four cp-iRFP displayed maximal emission wavelengths and quantum yields that were not significantly different from those obtained with iRFP. These findings suggest that permutation does not disrupt the iRFP structure sufficiently to alter the chromophore environment. We next sought to determine how permutation affects protein structure, since the introduction of NH 2 -and COOH-termini within the iRFP dimerization interface could disrupt oligomerization. cpiRFP-129 and cp-iRFP-133 have termini that map onto the dimer interface in the BphP crystal structure (Figure 5a ), while cp-iRFP-12 and cp-iRFP-102 have termini that map to sites distal from the interface. To test whether these cp-iRFP have structures that differ from iRFP, we compared their electrophoretic mobility using native PAGE (Figure 5b ). This analysis revealed that cp-iRFP-102, cp-iRFP-129 and cp-iRFP-133 migrated farther than iRFP. Two of these variants have termini that map onto the dimer interface. To test whether the mobilities of these cp-iRFP were altered because oligomerization was disrupted, analytical gel filtration was used to evaluate their oligomeric state ( Figure 5c ). As previously observed, iRFP eluted as a monodisperse peak with an apparent MW (72,443 Da) that was 1.92-fold greater than the calculated MW of the iRFP polypeptide. All of the cp-iRFP eluted at volumes consistent with oligomerization. However, the cp-iRFP-129 displayed an apparent molecular weight that was greater than iRFP (91,201 Da). This cp-iRFP also displayed the largest change in electrophoretic mobility with native polyacrylamide gel electrophoresis (PAGE). Taken together, these findings suggest that circular permutation affects the radius of gyration but does not disrupt oligomerization.
Since permutation has been shown to alter the stability of other proteins, 13 we compared the equilibrium unfolding of cp-iRFP with iRFP, which was previous shown to be irreversible. 33 Unfolding was monitored by measuring fluorescence as a function of the chemical denaturant guanidine (GdnHCl). With iRFP, GdnHCl-induced equilibrium unfolding yielded a single cooperative transition with a midpoint at 2.85 M guanidine. All of the variants were destabilized compared with iRFP with the exception of cp-iRFP-12 (Figure 5d ), which displayed enhanced stabilization.
Fluorescence in mammalian cells
The rate of protein folding varies between prokaryotes and eukaryotes, with bacterial proteins folding post-translationally due to faster translation rates and eukaryotic proteins folding cotranslationally. 34, 35 To evaluate whether the nature of the expression system (i.e., prokaryotic or eukaryotic) affects the folding and cofactor binding of cp-iRFP, which are both required for maturation into a fluorescent protein, we assessed the fluorescence signal of seven variants in mammalian cells. Five of these cp-iRFP (11, 12, 101, 102, and 129) were selected because they display the highest fluorescence signals among the iRFP variants discovered in E. coli. The remaining two variants initiate translation within the domain linker (cp-iRFP-133) and within the GAF domain (cp-iRFP-198). The signals from these permuted iRFP were evaluated using HeLa cells that had been transiently transfected with a plasmid encoding each HA-tagged cp-iRFP (or unmodifiied iRFP) and a plasmid constitutively expressing green fluorescent protein (GFP) as a transfection control. Cellular fluorescence was measured using flow cytometry 48-hours post-transfection ( Figure S6a) . Relative cp-iRFP fluorescence intensities were calculated by normalizing the absolute iRFP fluorescence by the absolute GFP fluorescence to account for differences due to transfection efficiency (Figure 4b) . Comparison of the relative near-infrared fluorescence values revealed that cp-iRFP-12 displayed near-infrared fluorescence that was 18% higher than native iRFP. Additionally, one variant displayed a similar intensity as iRFP (cp-iRFP-11), four cp-iRFP showed fluorescence approximately 3-fold lower than iRFP (101, 102, 129 and 133) and one variant presented near undetectable fluorescence (cp-iRFP-198).
To compare the expression levels of cp-iRFP, we evaluated the levels of HA-tagged native and permuted iRFP using Western immunoblots. Experiments were performed using total protein from HeLa cells transfected as described for cytometry analyses ( Figure S6b) . The intensity of all of the protein bands detected using an HA-specific antibody were normalized to the intensity of an α-tubulin loading control, since our goal was to normalize the cellular fluorescence signal by the total protein expressed. Immunoblot detection of GFP was used to confirm transfection. The relative iRFP fluorescence values obtained by cytometry were normalized to the relative intensity of HA bands, which had been normalized to the loading control ( Figure S6c ). cp-iRFP-101, cp-iRFP-102 and cp-iRFP-133 presented modest increases (22 to 50%) in protein-normalized fluorescence compared to iRFP, while cpiRFP-11 and cp-iRFP-12 exhibited modest (8 to 31%) decreases in signal. cp-iRFP-129 presented only 28% of the signal obtained with iRFP, and variant 198 displayed fluorescence that was ~2% of the iRFP signal. While a subset of the variants displayed a similar proteinnormalized signal in tissue culture and bacterial cells, several variants displayed weaker signals in tissue culture, whose underlying causes are not known.
Biophysical implications
The results from this study show that knotted BphP are tolerant to a wide range of sequence rearrangements that alter contact order. High-throughput screening revealed that 9% of all possible cp-iRFP display detectable near-infrared fluorescence. Since our screening was predicted to sample only 58% of all possible cp-iRFP, this number likely represents a lower bound on the fraction of permuted iRFP that fold and fluoresce. Our findings also suggest that many of these cp-iRFP display BphP-like structures, because retention of fluorescence requires a bound cofactor within a similar structural environment as iRFP. However, it is not clear which of these cp-iRFP acquire a knot. Our in vitro biochemical studies revealed parent-like stability and spectral properties, suggesting that the BV chromophore environment is not disrupted by permutation, while native gel analysis suggested that some variants may display subtle structural differences from iRFP. Some members of the BphP family lack protein knots, suggesting that our cp-iRFP might not require a knot for fluorescence. Studies of phytochromes having sensory modules that are made up of tandem GAF domains have revealed structures that lack the knot found in PAS-GAF modules. 36 Sequence comparisons have also shown that the cyanobacteriochromes AnPixJ and TePixJ lack the loop that serves as the knot lasso, 37, 38 although the structures of these proteins have not yet been reported. In addition, a recent study revealed that the BphP knot can be removed through truncation without disrupting cofactor binding, provided that a new cysteine residue is incorporated into the GAF domain to covalently attach the cofactor. 39 Structural studies are needed to determine how the topology of our cp-iRFP relate to iRFP, and if some of our these variants must thread a peptide through the loop that is larger than the peptide in iRFP to mature into folded and fluorescent proteins.
All of our cp-iRFP displayed excitation and emission maxima that are similar to iRFP. However, at each temperature, we observed a large variation in fluorescence intensities even though each variant was transcribed and translated using the same promoter and RBS. Circular permutation has been shown to alter protein folding, 40 ligand binding, 12 quantum yield, 41 and expression. 42 Our results suggest that variability in fluorescence signals do not arise from changes in BV binding affinity. For each variant, the BV concentration required for half-maximal fluorescence was uniformly lower than the concentration used in our assays. Variability in protein expression, on the other hand, is thought to make larger contributions to variability in cellular fluorescence. Thermodynamic calculations analyzing the effects of different cp-iRFP genes on the RBS in our permuteposon revealed a correlation between fluorescence and calculated translation initiation rates. In addition, expression of each cp-iRFP with the same peptide tag at the NH 2 terminus, which is thought to improve the consistency of translation initiation across the different variants, 27 differentially altered the relative signals obtained with each cp-iRFP from variants expressed without tags. These observations emphasize the importance of considering protein levels when using whole cell assays to screen for circularly permuted proteins with improved fluorescence.
Among the fluorescent variants discovered in our screen, cp-iRFP-12 displayed significantly higher protein-normalized fluorescence compared with iRFP in bacteria. Biochemical characterization of this variant did not reveal any differences in spectral properties compared to the parental iRFP, implicating improved maturation as the underlying cause of the enhanced signal. Our biochemical results also suggest that only a fraction of the iRFP translated in E. coli matures into a fluorescent protein. When we subjected recombinant iRFP to reverse phase chromatography, it eluted at two different salt concentrations, which differed in their fluorescent signals as previously observed. 25 cp-iRFP-12 also eluted at two different salt concentrations, although the results from whole cell fluorescence measurements suggest that a greater fraction of this variant fully matures into a fluorescent protein. Mapping cp-iRFP-12 onto the D. radiodurans BphP structure suggests a possible mechanism for enhanced maturation in E. coli. 20 Because this permuted protein arises from fission within the NH 2 -terminal tail, near the BV attachment site at residue fifteen, it has fewer residues to thread through the loop that serves as the iRFP knot lasso. The effects of permutation on protein maturation could be evaluated in future studies by analyzing protein folding and fluorescence within prokaryotic and eukaryotic cell free transcription and translation systems. A recent study demonstrated that this approach can be used to study cofactor binding to a protein using the heme-binding myoglobin. 43 A comparison of cofactor incorporation into myoglobin orthologs with varying stability revealed correlation between the levels of holo-myoglobin and the protein stability in the absence of cofactor. 43 This trend is consistent with our finding that cp-iRFP-12 displays the highest stability among the proteins characterized using in vitro studies, although our analysis was performed with a holophytochrome rather than an apoprotein.
Applications of circularly permuted iRFP
The permuted proteins discovered have implications for protein design. Circularly permuted proteins are increasingly being used to construct protein switches through domain insertion, where an ensemble of permuted protein variants are randomly inserted at different locations within the backbone of a second protein to create new proteins. 44 Domain insertion studies have shown that a subset of the variants created in such libraries display switching behavior, where ligand binding within one domain modulates the structure and function of the second domain. 14, 15 In fact, high signal-to-noise switches that couple the ligand-binding to the fluorescence of different GFP family members have been created by inserting circularly permuted fluorescent proteins into periplasmic binding proteins. 45 The cp-iRFP discovered should be useful for creating similar biosensors, albeit with emission in the near-infrared region which is ideally suited for tissue imaging. 24 All of the cp-iRFP displayed parent-like BV affinity, which was sufficient to fluoresce in tissue culture without the addition of biliverdin. This finding suggests that biosensors created using these variants will exhibit sufficient BV affinity to fluoresce in mammalian cells without requiring the addition of exogenous BV. The extent to which each of our cp-iRFP will fold, bind BV, and fluoresce upon insertion into other proteins will require further studies. If knot formation is required for cp-iRFP fluorescence, then it is possible that some cp-iRFP could experience folding challenges upon insertion into other domains.
By using a circular iRFP gene for library construction, rather than a vector-encoded iRFP, we were able to create a library that encodes different cp-iRFP in a single step. This modified approach is quicker than the original protocol described for PERMUTE because it avoids manipulations required after the initial MuA reaction. 26 The modified protocol described herein will simplify future studies that seek to create vector libraries that express circularly permuted variants of other proteins. Our results also showed that PERMUTE can be used with a permuteposon that contains a hybrid transposase and ribosomal binding site that only amends two extra amino acids to protein termini. 46 The simplified PERMUTE protocol should also be compatible with other permuteposons that have been developed for PERMUTE, including those that amend peptides of varying size to the NH 2 -termini of permuted proteins. 26 Beyond simplifying the construction of permuted protein libraries, this approach has the advantage that it creates permuted proteins with well-defined sequence diversity and avoids random deletions that arise with other methods. 47 Applications of deep sequencing to PERMUTE libraries will be useful in future studies to improve our understanding of library diversity and sampling of individual variants, similar to that described for libraries created using random mutation. 48 Protein-normalized whole cell fluorescence. (A) The whole cell fluorescence of His-tagged cp-iRFP at 37°C in E. coli was normalized to cell density, and immunoblot analysis was used to quantify the levels of each cp-iRFP. The ratio of fluorescence to the level of each protein was calculated using data acquired from matched samples. Error bars represent ±1σ calculated using three or more independent measurements. cp-iRFP-12 displayed proteinnormalized fluorescence that was significantly higher than iRFP (two tailed t test; p<0.05), while the cp-iRFP-102 signal was not significantly higher. (B) Fluorescence of circularly permuted iRFP in tissue culture. HeLa cells were transiently transfected with vectors that express different cp-iRFP and a vector that expresses GFP, green and red fluorescence was measured using flow cytometry, and the near-infrared fluorescence signal for each cp-iRFP was normalized to the GFP transfection control. Cells were grown in the medium that had not been supplemented with BV. Error bars represent ±1σ calculated from two independent measurements. Variant 12 displayed a GFP-normalized signal that was significantly higher than iRFP (two tailed t test; p<0.05). 
